We report a previously undescribed mechanism for the rugose morphotype in Shewanella oneidensis, a research model for investigating redox transformations of environmental contaminants. Bacteria may form smooth or rugose colonies on agar plates. In general, conversion from the smooth to rugose colony morphotype is attributed to increased production of exopolysaccharide (EPS). In this work, we discovered that aflagellate S. oneidensis mutants grew into rugose colonies, whereas those with nonfunctional flagellar filaments remained smooth. EPS production was not altered in either case, but mutants with the rugose morphotype showed significantly reduced exoprotein secretion. The idea that exoproteins at a reduced level correlate with rugosity gained support from smooth suppressor strains of an aflagellate rugose fliD (encoding the capping protein) mutant, which restored the exoprotein level to the levels of the wild-type and mutant strains with a smooth morphotype. Further analyses revealed that SO1072 (a putative GlcNAc-binding protein) was one of the highly upregulated exoproteins in these suppressor strains. Most intriguingly, this study identified a compensatory mechanism of SO1072 to flagellins possibly mediated by bis-(3=-5=)-cyclic dimeric GMP.
B
acteria live in environments abundant with various disturbances. To elevate their ability to persist and survive, bacterial cells often form large assemblages (in multicellularity), which are advantageous in comparison with single cells (1) . In the laboratory, the most common multicellular form is colonies resulting from growing populations on top of an agar surface. Depending on the strain and the surrounding conditions, the morphology of colonies (morphotype) varies substantially (2, 3) . Colony morphotypes of well-studied bacteria, including Vibrio cholerae, Pseudomonas aeruginosa, Salmonella enterica serovar Typhimurium, Escherichia coli, and Bacillus subtilis, are either smooth or rugose (also called wrinkling), in general (4) (5) (6) (7) (8) (9) (10) . The rugosity promotes persistence under unfavorable conditions, such as conditions of exposure to toxins, UV light, osmotic and oxidative stresses, low pH, low temperatures, and starvation (5, 8, (11) (12) (13) , and enhances virulence and transmission, such as adherence and invasion of epithelial cells (7, 14, 15) .
It is now well acknowledged that in most bacteria the rugosity is due to overproduction of exopolysaccharide (EPS) (2, 4, 9) . Diverse genetic screens for genes essential for the rugose phenotype have identified many genes required for EPS synthesis, such as bcsABZC in Acetobacter xylinus, S. enterica serovar Typhimurium, and E. coli (10) , pel in P. aeruginosa (16) , vps in V. cholerae (17, 18) , and eps in B. subtilis, to name a few (19, 20) . Additionally, extracellular structures such as curli fibers and flagella have been found to be important in determination of colony morphotypes. In S. enterica serovar Typhimurium and E. coli, the rugose morphotype appears only when curli fibers are abundant due to overexpression of CsgD (curli fiber production regulator) (21, 22) . A connection between rugosity and flagellar assembly was first established in V. cholerae. Watnick et al. (23) found that strains with mutations in flagellar genes at all levels of flagellar synthesis displayed the rugose colony phenotype. Since then, a number of rugose strains of V. cholerae, P. aeruginosa, and S. enterica serovar Typhimurium have been shown to have impaired motility (24) (25) (26) .
In recent years, studies elucidating the molecular mechanism underlying colony morphogenesis have concluded that bis-(3=-5=)-cyclic dimeric GMP (c-di-GMP) is the key molecule mediating the biosynthesis of EPS and motility (27, 28) . The elevated cellular concentration of c-di-GMP stimulates EPS production and simultaneously inhibits motility. Not surprisingly, in all reported rugose and nonmotile mutants, the level of c-di-GMP was found to be significantly higher than that in their isogenic wildtype strains (24) . As a result, the rugosity of these nonmotile mutants was largely attributed to the increased production of EPS. Shewanella oneidensis is a facultative anaerobic gammaproteobacterium possessing remarkably diverse respiratory capacities in reducing various organic and inorganic substrates (29) . Our previous study has illustrated that the microorganism possesses some unique features in its flagellar assembly (30) . During the study, a spontaneous mutant, SO-X1, displaying a rugose morphotype was obtained. In this study, SO-X1 was characterized and the mutated gene was identified. By examining the impacts of flagellar assembly on the bacterial morphotype, we found that the morphotype of S. oneidensis nonmotile mutants depends on the presence of flagellar filaments. In addition, we showed that amounts of exoproteins rather than the amount of EPS differed significantly between the nonmotile rugose and smooth strains. The same scenario was observed from smooth suppressor strains of an aflagellate rugose fliD (encoding capping protein) mutant, suggesting that exoproteins correlate with changing morphotypes. Further analyses revealed that SO1072 (a putative GlcNAc-binding pro-tein) is one of the highly upregulated exoproteins in suppressor strains whose expression partially correlates with the morphotype changes of nonmotile S. oneidensis mutants.
MATERIALS AND METHODS
Bacterial strains, plasmids, primers, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 , and primer sequences are available upon request. For genetic manipulation, E. coli and S. oneidensis strains were grown in Luria-Bertani (LB) medium at 37°C and 30°C, respectively. When necessary, the following supplements were added to the medium at the indicated concentrations: spectinomycin at 100 g/ml, gentamicin at 10 g/ml, kanamycin at 25 g/ml, ampicillin at 100 g/ml, and 2,6-diaminopimelic acid (DAP) at 0.3 mM.
In-frame deletion mutagenesis, complementation, and physiological characterization. In-frame deletion mutagenesis was carried out essentially as described previously (34) . In brief, two fragments flanking the gene of interest were amplified independently and joined together by a second-round PCR. The resulting fusion fragment was cloned into plasmid pDS3.0, resulting in the mutagenesis vector, which was transformed into E. coli WM3064 and then transferred into S. oneidensis by conjugation. Integration of the mutagenesis construct into the chromosome was selected by gentamicin resistance and confirmed by PCR. Verified transconjugants were grown in LB broth in the absence of NaCl and plated on LB medium supplemented with 10% sucrose. Gentamicin-sensitive and sucrose-resistant colonies were screened by PCR for deletion of the targeted gene. The deletion mutation was then verified by sequencing the mutated region.
For complementation of genes next to their promoter, a fragment containing the gene of interest and its native promoter was generated by PCR and cloned into pHG101 (30) . For other genes, the coding sequence was amplified and inserted into the multiple-cloning site of pHG102 under the control of the arcA promoter, which is constitutively active (30, 33, 34) . Introduction of each verified complementation vector into the corresponding mutant was done by mating with E. coli WM3064 containing the vector and confirmed by plasmid extraction and restriction enzyme mapping.
M1 defined medium containing 0.02% (wt/vol) vitamin-free Casamino Acids was used for growth measurement, and LB medium was used for all other physiological characterization (34) . Fresh medium was inoculated with an overnight culture from a fresh single colony to an optical Cultures at mid-log phase (OD 600 Ϸ 0.4) were either used directly for the motility assay or properly diluted, plated on LB medium plates, and incubated at 30°C for the morphology assay. The motility assay (swimming and swarming) was performed on LB medium plates with agar concentrations of 0.25% and 0.5% (wt/vol), as previously described (30) . For transmission electron microscope (TEM) analysis, cells on swarming plates were collected, washed with phosphate-buffered saline (PBS), fixed, and visualized on a JEOL JEM-1200CXII electron microscope as described previously (30) . Identification of mutated gene in SO-X1. To identify the mutated gene in spontaneous mutant SO-X1, each of the flagellar genes was amplified and fused to P arcA in pHG102, and the resulting vector was introduced into SO-X1 for genetic complementation, as described above. A fragment covering fliF and its upstream region was amplified using the SO-X1 chromosome as the template and sequenced after the gene was found to be able to rescue the phenotype of SO-X1.
EPS and exoprotein isolation and quantification. EPS and exoprotein isolation and purification were carried out using a modified approach combining both trichloroacetic acid (TCA) (35) and ethanol precipitation (13, 36) . Cells of smooth and rugose strains were prepared as described for the morphology assay, washed off with PBS when colonies of rugose strains became evident on LB medium plates, and adjusted to similar densities (OD 600 , approximately 1.0). Samples were vortexed gently for 1 min and then applied to centrifugation at 18,500 ϫ g for 15 min at 4°C. TCA was added to the resulting supernatants to a final concentration of 8%, and the mixture was chilled on ice for 60 min and centrifuged at 15,000 ϫ g for 10 min for protein precipitation. The pellets were suspended with 1 ml of cold acetone and centrifuged at 10,000 ϫ g for 5 min. Acetone washing was repeated twice to remove TCA from the precipitates completely. The pellets were dried in a SpeedVac apparatus (Eppendorf, Germany) and kept at Ϫ20°C.
EPS in protein-free supernatants was precipitated with 3 volumes of chilled 95% ethanol. After standing overnight at 4°C, the resultant precipitates were collected by centrifugation at 15,000 ϫ g for 20 min at 4°C. The EPS pellets were redissolved in deionized water at 4°C with gentle heating (45°C). The anthrone-sulfuric acid method and the bicinchoninic acid assay (Pierce Chemical) were used to quantify EPS and exoproteins, respectively (37) .
Analysis of composition of EPS by GC-MS. EPS of S. oneidensis strains was subjected to gas chromatography (GC)-mass spectrometry (MS) for identification of major monosaccharide units. Prior to analysis, EPS was hydrolyzed with 3 M trifluoroacetic acid (TFA) at 100°C for 4 h and converted to trimethylsilyl (TMS) derivatives using the trimethylsilylation reagent Sylon HTP (Supelco, Bellefonte, PA), consisting of pyridine-hexamethyldisilazane-trimethylchlorosilane (9:3:1, vol/vol/vol), according to the manufacturer's instruction. The monosaccharide standards D-glucose, D-mannose, D-GlcNAc, and L-ribose were also treated similarly. GC was performed using a Hewlett-Packard series HP6890 gas chromatograph equipped with a mass spectrometer detection system (HP5973).
Transposon mutagenesis and identification of disrupted genes. Gentamicin strongly influences the colony morphology of S. oneidensis, making it difficult to differentiate morphotypes. We therefore replaced the gentamicin resistance gene cassette (MluI) of mariner-based transposon plasmid pFAC with a spectinomycin resistance gene amplified using pDG1661 as the template (38, 39) , resulting in pHGT-01. The plasmid from E. coli WM3064 was transferred to the ⌬fliD strain by conjugation. The conjugated cells were scrapped off the plates, serially diluted with LB medium, and spread on LB medium plates. When the rugose morphology was apparent, smooth colonies were saved. To identify genes interrupted by a transposon, arbitrarily primed PCR was carried out with primers suitable for S. oneidensis (40) . The resulting PCR fragments were sequenced.
Tricine-SDS-PAGE, immunoblotting, and identification of highly expressed proteins. Tricine-SDS-PAGE with Coomassie brilliant blue or silver stain and immunoblotting with polyclonal antibodies that recognize both the FlaA and FlaB subunits and SO1072 with detection by chemiluminescence were done as described previously (30) . To identify highly expressed proteins, the band of interest was excised from a Coomassie brilliant blue-stained SDS-polyacrylamide gel and subjected to identification using nano-high-pressure liquid chromatography electrospray ionization tandem mass spectrometry (nano-HPLC-ESI-MS/MS). The peptide mass data obtained were searched against a database containing all predicted S. oneidensis open reading frames. Semiquantitative immunoblotting was performed according to the method described elsewhere (34) . Purified flagellins were serially diluted and run in the same gel for the generation of a standard curve for the determination of GbpA expression levels.
␤-Galactosidase activity assay. A lacZ reporter system for S. oneidensis has been developed and utilized previously (34) . To construct the SO1072-lacZ reporter, an ϳ400-bp fragment of the SO1072 promoter DNA fragment was generated by PCR, cloned into pTP327, and verified by sequencing. The reporter vector was moved into S. oneidensis strains by conjugation. ␤-Galactosidase activity assay was performed using an assay kit (Beyotime, China) according to the manufacturer's instructions, and the activity was expressed in Miller units, as described previously (30) .
Construction of an inducible expression vector for S. oneidensis and overexpression of SO1072. An inducible expression system for S. oneidensis was developed in this study. Plasmid pBBR1MCS-2 (31) was digested with BstBI and religated, resulting in pHG100. A DNA fragment containing P tac was synthesized and cloned into the AgeI site of pHG100, producing pHGE-01. The rrnB transcription termination sequence was PCR amplified with primers Term-F and Term-R using pBADHisA (Invitrogen) as the template and cloned into the EcoRI and AgeI sites of pHGE-01, generating pHGE-02. E. coli lacI was then amplified with pET28a as the template and primers ELacI-F and ELacI-R and inserted into the AgeI site of pHGE-02, resulting in pHGE-P tac . To calibrate the system, E. coli lacZ␣␤␥ was amplified with pAH125 (32) as the template and primers ELacZ-F and ELacZ-R and inserted into EcoRI and BamHI sites, resulting in pHGE-LacZ. The results showed that the amount of expression from P tac was proportional to the concentration of isopropyl-␤-Dthiogalactopyranoside (IPTG) added at 2 mM or below (data not shown). Gene SO1072 was generated by PCR and then inserted into the EcoRI and HindIII sites of pHGE-P tac , resulting in pHGE-P tac -SO1072. After verification by DNA sequencing, the expression plasmid was moved into S. oneidensis strains by conjugation.
Sequence manipulation. Gene sequences were obtained at GenBank (http://www.ncbi.nlm.nih.gov). Sequence alignments were generated using the Clustal Omega program (http://www.ebi.ac.uk/Tools/msa /clustalo) and manually edited. RNA secondary structures were drawn with the XRNA suite of tools (http://rna.ucsc.edu/rnacenter/xrna/xrna .html).
RESULTS
Identification of mutation in S. oneidensis spontaneous mutant SO-X1. During our studies on S. oneidensis, a spontaneous mutant named SO-X1 with the rugose morphotype was obtained (Fig.  1A) . As rugose morphotypes and motile phenotypes are highly related via c-di-GMP regulation (41), we reasoned that SO-X1 may display reduced motility. To test this, we carried out swimming and swarming assays. Throughout the study, all strains displayed the same phenotype in the swimming and swarming analyses, and to simplify description, we present the results of the swimming assay only. Strain SO-X1 was completely nonmotile (Fig. 1A) . This phenotype was validated by the observation that the strain was aflagellate under a TEM, implicating that SO-X1 likely carries a mutation in one of the genes essential for flagellum assembly (Fig. 1B) . To identify the mutation, we cloned each of the flagellar genes required for generation of a complete flagellum into pHG102 and introduced the resulting vectors into SO-X1 to screen for the gene that is able to restore the mutant to the wildtype phenotype (30) . The plasmid-borne flagellar genes were expressed under the control of the constitutively active arcA promoter (30, 33, 34 ). When fliF was tested, SO-X1 became motile and returned to the smooth morphotype (Fig. 1A) . To confirm that the mutation in SO-X1 was in fliF, a fragment containing fliF was amplified using SO-X1 genomic DNA as the template and sequenced. The result revealed a 223 A ¡ T transversion within fliF in SO-X1, causing a nonsense mutation. FliF forms the membrane and supramembrane (MS) ring, which is the base for assembly of the rest of the membrane-bound flagellar components, and removal of fliF abolishes flagellar assembly, producing aflagellate cells (42, 43) . We thus named SO-X1 fliF1.
The fliF mutant produces a similar amount of EPS as the wild type. The nonmotile rugose phenotype of the fliF1 strain resonates with the finding for V. cholerae that the absence of a flagellum is essential for the rugose morphotype of nonmotile strains (23) . In the study, the authors concluded that the rugose morphotype of aflagellate mutants is caused by increased amounts of vps-dependent EPS. To examine whether S. oneidensis resembles V. cholerae with respect to mechanisms for the rugose morphotype of flagellar mutants, we quantified EPS of the wild-type and fliF1 strains. Surprisingly, the amounts of EPS produced by these strains were indistinguishable (Fig. 1C) . Additionally, we performed a monosaccharide analysis of these EPS samples with GC-MS to determine whether they differed from each other in EPS components (Fig. 1D) . Results showed that the EPS profiles of these two strains were virtually identical, eliminating the possibility. Notably, in agreement with the previous finding by Liang et al. (44) , D-glucose and D-mannose were the major monosaccharide units of EPS in S. oneidensis. These data collectively suggest that the rugose morphotype of fliF1 is due to a mechanism other than increased production of EPS.
The flagellar filament is critical for the colony morphotype of nonmotile mutants. In bacteria, mutations that affect flagellar function result in two types of nonmotile strains. One type is aflagellate, and the other possesses paralyzed filaments. In V. cholerae, the former type produces the rugose morphotype, but the latter grows into smooth colonies, suggesting that the flagellar filament per se rather than motility is the determining factor (23) . As a first step to decipher the mechanism, we examined whether or not all nonmotile mutants of S. oneidensis are rugose. The flagellum of S. oneidensis consists of six distinct substructural units: basal body (including the MS ring, P ring, and L ring), motor, switch, hook, filament, and export apparatus (30, 45, 46) . To get an overview of the morphotype of flagellar mutants, genes encoding at least one component of each substructural unit were subjected to a mutational analysis. These included fliM (switch protein), fliE (proximal rod protein), flgA (assembly protein for P-ring formation), flgH (L-ring protein), flgK (hook-filament junction protein), flgE (hook protein), flaA (minor flagellin), flaB (major flagellin), fliD (filament-capping protein), and pomA (motor protein).
The motility and morphotype of the resulting mutants were assayed and confirmed by complementation in trans ( Table 2 ). The ⌬flaA strain was the only mutant whose swimming capability was indistinguishable from that of the wild type, and mutation in flaB introduced a substantial decrease in motility, as observed previously (30) . In contrast, loss of any of the other genes (fliM, flgA, flgE, flgK, flgH, fliE, fliD, and pomA) caused a completely nonmotile phenotype (Table 2 ). In regard to the morphotype, mutants lacking flaA, flaB, or pomA retained a smooth morphotype, while the other tested mutants grew into rugose colonies in 3 days, like fliF1 did (Fig. 2A) . According to published data, ⌬flaA, ⌬flaB, and ⌬pomA strains possess a flagellar filament, but mutants in which one of the other tested genes is deleted are unlikely to produce a filament (30, 45, 46) . All together, these data suggest that loss of the flagellar filament likely accounts for the rugose morphotype. Moreover, we examined the morphotypes of strains whose flagellin genes were completely removed. As expected, the ⌬flaA ⌬flaB strain exhibited a rugose morphotype, in contrast to that of each single-flagellin-gene mutant ( Fig. 2A) .
As a further test of the hypothesis, we asked whether a similar result can be obtained from the flagellar regulatory genes. Assembly of a polar flagellum is under the control of a four-tiered transcriptional hierarchy, as described in V. cholerae (47, 48) . Given that S. oneidensis shares extensive regions of synteny with V. chol- erae, especially that for flagellar gene clusters, it has been proposed that a similar regulatory hierarchy mediates S. oneidensis flagellar assembly (30, 49) . On the top is FlrA, whose expression is RpoN ( 54 ) dependent. Together with 54 , FlrA directs transcription of the second-tier regulatory system FlrBC, the third-tier regulator FliA ( 28 ), and a few flagellar structural components. Most of the flagellar structural components are under the control of both FlrBC and 54 , while 28 directs transcription of the rest of the structural proteins. It is expected that removal of regulators at different tiers may elicit a difference in morphotype.
To this end, genes encoding master regulator 54 , FlrA, and 28 were subjected to the mutational analysis. As expected, none of these mutants were motile ( Table 2 ). In terms of colony appearance, the ⌬rpoN and ⌬flrA strains displayed a rugose morphotype, but the ⌬fliA strain was smooth ( Fig. 2A) . In S. oneidensis, flagellin FlaA likely resides at the third tier, but flagellin FlaB belongs to the fourth tier under the control of 28 (30) . As a result, flagellin FlaA is expressed in the ⌬fliA strain, conferring a smooth morphotype. To validate this, Western blotting was performed against these strains with antibodies that recognize both the FlaA and FlaB flagellin subunits. As shown in Fig. 2B , the flagellin subunits were detected from the ⌬fliA strain but not from the ⌬flrA or ⌬rpoN strain. All of these data agree with our hypothesis that the flagellar filament is critical for the colony morphotype of nonmotile S. oneidensis strains.
Aflagellate rugose mutants produced fewer exoproteins. As shown above, the fliF1 mutant secreted similar amounts of EPS as the wild type. To verify this, we compared the EPS amounts of smooth and rugose mutant strains. Like the fliF1 mutant, all of these mutants produced EPS at levels that were within Ϯ5% of the wild-type levels, reinforcing the idea that EPS does not account for the observed morphotype difference (Fig. 3A) . As a multicellular assemblage, colonies are dependent on production of an extracellular matrix for the development of a complex colony architecture, in which exoproteins are a major and crucial component, next to EPS (50) . We therefore asked whether the amounts of exoproteins in these aflagellate strains are significantly altered. To analyze this, exoproteins were precipitated and quantified (Fig. 3A) . The results illustrate a striking decrease in the amount of these proteins in most of the strains with a rugose morphotype, ranging from 49 to 64% of the wild-type level. The exception was the ⌬flrA strain, whose exoprotein level was only slightly lower than that of the wild type. In contrast, the smooth-colony mutants differed from the wild type in the production of insignificant amounts of exoproteins. These data collectively suggest that the rugose morphotype of aflagellate S. oneidensis strains was correlated with the reduced production of exoproteins rather than increased EPS production.
To further evaluate differences in the exoprotein production of these aflagellate strains, cells of smooth and rugose strains were washed off with PBS when colonies of rugose strains became evident on LB medium plates and adjusted to similar optical densities, and extracellular proteins were precipitated and subjected to SDS-PAGE. As shown in Fig. 3B , the SDS-PAGE pattern was essentially the same for smooth-colony nonmotile mutant strains (lanes ⌬fliA and ⌬flaB), and this was also true for most of the aflagellate strains (lanes ⌬fliD and ⌬fliF1). However, there was a clear difference between the exoprotein patterns of smooth and rugose strains. Apparently, the amounts of exoproteins differed substantially (Fig. 3B , lanes WT [wild type] and ⌬fliA versus lanes ⌬fliF1 and ⌬fliD), confirming that strains with a rugose morphotype produce smaller amounts of exoproteins. The most notable difference resides in three areas containing proteins with molecular masses of between 85 and 50 kDa and about 36 and 21 kDa, implicating that exoproteins of these sizes are particularly crucial for the morphotype difference. Resonating with its high level of exoproteins, the flrA mutant produced an SDS-PAGE pattern substantially different from that of either smooth or rugose strains (Fig. 3B, lane fliF1) . This may not be surprising, because it also controls many genes that are not closely related to flagellar assembly (48, 51) .
Suppressors of an aflagellate rugose mutant. Data presented thus far suggest that reduced levels of exoproteins are correlated with the rugosity of aflagellate mutants that result from mutation in flagellar structural genes. If this holds, we reasoned that this phenotype should be converted to smooth when a mutation causing an increase in the amounts of exoproteins is introduced. To screen for such mutations, transposon-carrying plasmid pHGT-01 was introduced into the ⌬fliD strain to generate a random mutation library containing more than 100,000 individual mutants (100 to 150 colonies per plates, 100 plates in total), from which 59 colonies with the smooth morphotype were obtained (Fig. 4A) . All of the suppressor strains remained nonmotile (data not shown). The inserted transposon sequence in 44 of the 59 suppressor strains obtained was successfully identified and mapped into 41 unique sites (Table 3) . Strikingly, among genes that were affected by the transposon insertions, 13 encode flagellar structural genes. To simplify description, we classified these 13 suppressor strains into group I and all others into group II.
We focused only on group I in this study, and the group II strains will be studied in the future. Based on prior results with nonmotile mutants, we predicted that these suppressor strains should produce exoproteins at higher levels but retain a similar amount of EPS. To test this, 6 suppressor strains were randomly picked for quantification of exoprotein and EPS production. These included the ⌬fliD-SF1 (flhF::Himar1), ⌬fliD-SF3 (fliR:: Himar1), ⌬fliD-SF5 (fliN::Himar1), ⌬fliD-SF7 (flgH::Himar1), ⌬fliD-SF9 (flgB::Himar1), and fliD-SF11 (motB::Himar1) strains. While all of these strains produced similar amounts of EPS, they were unlike their parental ⌬fliD strain in their capacity for exoprotein production, which increased to levels equivalent to the level of the wild type (Fig. 4B) .
The finding that such an unusually high percentage of suppressor strains is due to mutation in another flagellar gene prompted us to envision that a common mechanism underlies the smooth morphotype of group I suppressor strains. To address this question, we compared the SDS-PAGE patterns of exoproteins from these 6 suppressor strains. Remarkably, all tested suppressor strains exhibited a pattern similar to that observed from nonmotile smooth-colony mutants such as the ⌬fliA strain, supporting a common regulatory mechanism for their rugosity (Fig. 4C) .
Overexpression of GbpA in part accounts for the smooth morphotype of nonmotile strains. The suppressor strains with double flagellar mutations produce larger amounts of exoproteins than the aflagellate rugose strains. In particular, the amounts of a protein of slightly larger than 50 kDa increased the most notably (Fig. 4C) . The band was excised from the gel and applied to nano-HPLC-ESI-MS/MS for identification. The protein was identified as SO1072, a putative N-acetylglucosamine-binding (also called chitin-binding) protein according to the genome annotation. An ortholog analysis against the latest protein database revealed that the protein, well conserved in most of the sequenced Shewanella genomes, shares more than 30% sequence identity to chitin-binding (N-acetylglucosamine-binding or carbohydrate-binding) proteins in a variety of bacterial species (http://img.jgi.doe.gov/cgi -bin/w/main.cgi). In particular, SO1072 displayed 45% sequence identity with GbpA (GlcNAc-binding protein A) of V. cholerae, which has been well characterized as a colonization factor promoting interaction with biotic substrates (52) (53) (54) .
We then made attempts to confirm that overexpression of SO1072 in part accounts for the smooth morphotype of suppressor mutants in two different ways. On the one hand, we developed an inducible expression vector for S. oneidensis, allowing us to overexpress SO1072 in the ⌬fliD strain. The maximum expression of SO1072 apparently relieved the rugosity of the ⌬fliD strain to some extent but not fully (Fig. 5A and 6A ). On the other hand, we created ⌬SO1072 and ⌬fliD-SF7 ⌬SO1072 strains and performed the morphotype assay. Removal of SO1072 from the wild-type background did not elicit any noticeable impact on aerobic growth, motility (Table 2) , or colony morphotype (Fig. 5A) . In contrast, loss of the gene turned the nonmotile smooth ⌬fliD-SF7 strain into a mutant with a slightly rugose morphotype (⌬fliD-SF7 ⌬SO1072 strain). When SO1072 was expressed in trans, the ⌬fliD-SF7 ⌬SO1072 strain grew into smooth colonies. Based on this and prior results, we expect that the ⌬fliD strain with overexpressed SO1072 and ⌬fliD-SF7 ⌬SO1072 cells synthesize exoproteins at levels between those of the ⌬fliD and ⌬fliD-SF7 strains, provided that EPS production is not significantly altered. The analysis of EPS and exoprotein production demonstrated that the amounts Smooth colony, as indicated with an arrow, is a candidate for suppressor strains. (B) EPS and exoprotein quantification. The data represent the ratio of mutant/wild type. At least three independent samples for each strain were assayed. Error bars represent standard deviations. SF1, ⌬fliD ⌬flhF strain; SF3, ⌬fliD ⌬fliR strain; SF5, ⌬fliD ⌬fliN strain; SF7, ⌬fliD ⌬flgH strain; SF9, ⌬fliD ⌬flgB strain; SF11, ⌬fliD ⌬motB strain. (C) SDS-PAGE analysis of exoproteins. Mid-exponential-phase cultures of all strains were adjusted to the same optical density. Exoproteins were extracted from the same volume of these cultures, suspended in the same volumes, loaded equally by volume, and separated on a 12% SDS-polyacrylamide gel. The gel was stained with Coomassie brilliant blue. Numbers to the left are molecular masses (in kilodaltons). Arrow, SO1072.
of exoproteins in the ⌬fliD strain with overexpressed SO1072 and the triple mutant were approximately 65% Ϯ 3% and 76% Ϯ 5% of the wild-type level, respectively, whereas EPS remained at the same level (Fig. 5B) . In comparison with amounts of 46% Ϯ 4% for the ⌬fliD strain and 96% Ϯ 6% for the ⌬fliD-SF7 strain compared with the amount for the wild type, the data suggest that SO1072, although predominant, is only partially responsible for the smooth morphotype of group I suppressor strains.
Compensatory expression of SO1072. As shown in Fig. 4B , it was apparent that the ⌬fliA strain produced and secreted exoproteins at a level between the levels of the wild-type and suppressor strains, raising the possibility that the mechanism accounting for the smooth morphotype of group I suppressor strains also has a role in this strain. Clearly, loss of SO1072 was not sufficient for phase conversion of mutants in the presence of filaments, as the ⌬fliA ⌬SO1072 strain grew into smooth colonies (Fig. 5A) . Given that both the ⌬flaB and ⌬fliA strains showed reduced flagellin production (Fig. 2B) , we reasoned that to maintain a smooth morphotype S. oneidensis may increase exoprotein synthesis for compensation. If this holds, the ⌬fliA ⌬fliD double mutant strain should express SO1072 at the level of the suppressor strains, provided its colonies are smooth. We therefore constructed this double mutant and found that it featured a smooth morphotype and a level of exoproteins indistinguishable from that of the ⌬fliD-SF7 suppressor strain (Fig. 5A and  B) . Additional loss of SO1072 reduced the exoprotein amount of the ⌬fliA ⌬fliD strain to 85% Ϯ 6% of that of the wild type, also similar to the amount for the ⌬fliD-SF7 ⌬SO1072 strain. Interestingly, the exoprotein level (92% Ϯ 5%) of the ⌬fliA strain was slightly affected (P Ͻ 0.05) by introduction of a second mutation in SO1072, illustrating that such a minor difference could not cause phase conversion of colonies.
To examine the level of SO1072 expression in ⌬fliA and ⌬fliA ⌬fliD strains, we performed semiquantitative immunoblotting against SO1072, as previously described (33) . Dilutions of purified flagellins, included in the same gel, were used to create a standard curve for the determination of SO1072 expression levels. As shown in Fig. 6A , consistent with the immunoblotting data, the level of SO1072 expression in the S. oneidensis wild-type strain was approximately 20% of that in the ⌬fliA strain. Removal of the flagellar filament from the fliA deletion background (⌬fliA ⌬fliD) further increased the level of SO1072 expression by at least 3-fold, to a level similar to that for the ⌬fliD-SF7 group I suppressor strain. Additionally, the ⌬fliD strain with a copy of SO1072 on the expression vector pHGE-P tac indeed overexpressed SO1072. To further confirm this observation, a 400-bp upstream fragment of SO1072 was amplified and fused to lacZ within pTP327 (33) , and the resulting vector was transferred into the wild-type, ⌬fliA, ⌬fliD ⌬fliA, and ⌬fliD-SF7 strains. As predicted, we saw the highest levels of expression from P SO1072 -lacZ in the ⌬fliD ⌬fliA and ⌬fliD-SF7 strains (Fig. 6B ), which were roughly 3 and 12 times higher than those in the ⌬fliA and wild-type strains. Taken together, these findings indicate that SO1072 is compensatorily expressed in response to exoprotein levels for determination of the morphology of S. oneidensis nonmotile mutant strains.
Expression of SO1072 may be mediated by c-di-GMP. Given that high intracellular concentrations of c-di-GMP promote overproduction of EPS and repress motility, the molecule plays a central role in controlling colony morphology (19, (55) (56) (57) (58) (59) . Recently, Sudarsan et al. (60) identified and characterized two riboswitch aptamers sensing c-di-GMP in V. cholerae which resemble each other in both sequence and structure. One is associated with VC1722 (encoding a transcription factor), whose expression is induced when c-di-GMP concentrations are elevated, a situation observed with a rugose mutant (60) (61) (62) . The other, located in the upstream region of gbpA, in contrast, facilitates expression of its associated gene when intracellular c-di-GMP levels are reduced. The SO1072 gene of S. oneidensis possesses an aptamer sharing high sequence and structure conservation to the aptamers of V. cholerae, implicating that expression of SO1072 may be directly mediated by intracellular c-di-GMP levels (Fig. 7) . As in V. cholerae similar aptamers respond to c-di-GMP oppositely, whether c-di-GMP positively regulates SO1072 and possibly more genes associated with similar aptamers is not certain. An investigation is Exoproteins from the indicated strains were quantified by the bicinchoninic acid assay, loaded in equal amounts, separated on 12% SDS-polyacrylamide gels, and electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane. SO1072 proteins were probed with polyclonal antibodies and detected by chemiluminescence. A set of purified flagellins, included in the same gel, was used to create a standard curve for the determination of SO1072 expression levels. Replicate blots performed on different days with the independently prepared exoproteins generated similar results. ⌬fliD/SO1072, the fliD mutant carrying pHGE-P tac -SO1072, which resulted in overexpression of SO1072 with 0.5 mM IPTG; ⌬SO1072 C , ⌬SO1072 strain carrying the empty vector pHGE-P tac . (B) ␤-Galactosidase assay monitoring the expression of SO1072 using the transcriptional fusion P SO1072 -lacZ. NC, ⌬fliD ⌬fliA ⌬SO1072/SO1072 and ⌬fliD-SF7 ⌬SO1072/ SO1072. under way. Nevertheless, identification of the c-di-GMP aptamer links the colonial morphology of S. oneidensis to c-di-GMP levels, although exoproteins rather than EPS are the major components under the influence of the molecule.
DISCUSSION
Since multicellularity was proposed as a general bacterial trait, numerous studies on coordinated multicellular behavior have been published, substantially improving our understanding of its molecular mechanisms (1, 2) . Microbial populations can form a variety of multicellular communities consisting of complex, organized, macroscopic structures, including solid surface-associated (SSA) biofilms under flow, pellicles at the air-liquid interface (A-L biofilms), and colonies on solid agar medium. Colony morphotype conversion (smooth to rugose, or vice versa) has been reported for many species of bacteria, most of which convert from smooth to rugose, such as V. cholerae (11, 13) , S. enterica serovar Typhimurium (14) , and P. aeruginosa (63) . The rugose colony morphology has largely been attributed to the overproduction of extracellular polysaccharides, although other factors, such as flagella, curli fibers, and extracellular proteins, have been reported to have a role (24) (25) (26) 64) .
In this study, we present evidence suggesting a new twist on morphological phase variation of bacteria. We have discovered that production of exoproteins correlates with the colonial rugosity of S. oneidensis aflagellate strains. While it is possible that a decrease in exoprotein production is the cause of rugosity, we cannot rule out the possibility that rugosity resulted from a different unidentified mechanism which leads to a reduction of exoproteins. Nevertheless, the colonial rugosity observed from S. oneidensis aflagellate strains is rather modest in comparison with the heavily wrinkled colonies with irregular edges from overproduction of exopolysaccharides (11, 13, 14, 63) . This suggests that exopolysaccharide is the major factor for morphology, whereas other factors such as exoprotein contribute.
With respect to the colony morphology, flagellin subunits are able to sustain the exoprotein level, as they are abundant. As a result, at least four flagellar genes (pomA, flaA, flaB, and fliA) are dispensable for the morphological phase variation. Strains devoid of one of these genes are characterized as smooth, nonmotile, and possessing flagellar filaments, at least partially. By the same token, we anticipate that any of the flagellar genes whose removal does not abolish filament assembly would hardly affect the colony morphotype. The flagellar filament per se, however, is unlikely to be an ultimate effector for the smooth phenotype because group I suppressor strains of the rugose ⌬fliD strain which are smooth, produce exoproteins at the level of the wild type. Mutations in most of the group I suppressor strains appear to trigger a similar regulatory mechanism, as they produce similar exoprotein profiles. Moreover, exoproteins with molecular masses of between 85 and 50 kDa and about 36 and 21 kDa differ notably in amounts between nonmotile smooth and rugose strains. This suggests that multiple exoproteins contribute to the colony morphology of S. oneidensis and that some, if not all, of these proteins may be subjected to the same regulation.
Apparently, overproduction of SO1072 is a result of the regulatory mechanism. Along with other components in the GlcNAc and chitin utilization pathway, SO1072 is predicted to be transcriptionally under the direct control of NagR (SO3516), strongly suggesting that the protein is involved in chitin/GlcNAc utilization (65) . As one of the most abundant polymers on earth, chitin exerts a complex and profound influence on the lifestyle of many bacteria, biofilm bacteria in particular (61, 66, 67) . In V. cholerae, several proteins involved in chitin binding, transport, and degra- (VC1722) were aligned using Clustal Omega. Nucleotides highlighted in light gray and dark gray form P1 and P2 stems, respectively, as shown in panel B. P1 and P2, the two base-paired regions in GEMM (genes for the environment, for membranes, and for motility) RNAs (64) . (B) Sequences and structures of the putative S. oneidensis SO1072 c-di-GMP aptamer created using XRNA. The V. cholerae gbpA c-di-GMP aptamer is shown for comparison. nt, nucleotide. dation were induced in the rugose strains, including GbpA (18) . The protein, which is also called colonization/attachment factor, is particularly important in the binding of cells to environmental biotic substrates containing chitin or GlcNAc (53, 54) . Consequently, GbpA may signal a transition of cells from the planktonic to sessile form, which is mainly mediated by c-di-GMP (28) . Similar to GbpA, expression of SO1072 is under the control of a c-di-GMP riboswitch (60) , implicating that c-di-GMP is involved in the colonial morphology of S. oneidensis nonmotile strains. We therefore speculate that the loss of the flagellar filament alters intracellular levels of c-di-GMP, which in turn regulates production of exoproteins, including SO1072, either directly or indirectly.
For investigation of this regulatory mechanism, an important challenge for the future will be to determine exactly how cells sense loss of motility and/or flagellar filaments and how the signals are relayed. A promising candidate is the flagellum itself, as it is able to sense not only environmental stimuli such as wetness but also changes in torque applied to the basal body by FliL, a small inner membrane protein within the basal body (68) (69) (70) . In light of our current findings, more research is needed to elucidate the role of c-di-GMP in the flagellar assembly and how the molecule corresponds with the process, thereby affecting production of exoproteins.
